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INTRODUCTION
Photovoltaic (PV) modules are an increasingly important energy source. A total of 38.7GWp was installed globally in 2014. Thin film CdTe is an important technology and a financially viable alternative to the dominant c-Si technology. The potential of thin film CdTe PV technology is supported by recently reported significant improvements in the performance of the devices. First Solar Inc. has reported a new record cell conversion efficiency of 21.0% and a record module efficiency of 18.6% [1] . These efficiencies were achieved using manufacturing processes. The advantages of thin film CdTe solar cells lie in their low manufacturing costs and high energy yields. Currently, Vapour Transport Deposition (VTD) is used for depositing CdTe in the manufacturing of thin film CdTe solar panels. However, CdTe can be deposited by many other techniques including electro-deposition, evaporation, close space sublimation and magnetron sputtering [2] - [5] . Each of these techniques has some advantage either for the device performance or in the manufacturing process. The advantages of the magnetron sputtering process are the uniformity of the deposited layer, the high thin film density and the relatively low substrate temperatures used during the growth of the device. The sputter deposition of CdTe solar cell requires substrate temperatures of ~250ºC [6] - [9] ,compared to 400ºC to 500ºC reported for VTD [10] , [11] .
Until recently, radio-frequency (RF) power supplies were used exclusively to sputter CdTe films. DC power supplies are not suitable for the magnetron sputtering of CdTe thin films due to the dielectric nature of the targets. The disadvantages of using RF power lie in the complex system design and the slow deposition rates [12] . Recently we reported on a new process for the magnetron sputtering of CdTe [9] . This uses a pulsed DC power supply which overcomes many of the limitations of using RF power. Pulsed dc power has not been used previously since it is surprising that reliable process conditions can be established with such resistive targets. Pulsed dc magnetron sputtering is known to improve the microstructure of the deposited films [13] . It has also been demonstrated that the technique improves the quality of optical coatings due to increased deposition energy and the incorporation of surface diffusion during the 'off' part of the cycle [12] . Pulsed DC magnetron sputtering is a technology which has greatly simplified the deposition of semi-insulating materials and also provides commercially attractive deposition rates. Moreover, system design issues are greatly simplified [14] . The magnetron is driven by a Pulsed DC Voltage, the magnetron is biased at 300-800V for a fixed time after which the Voltage is reversed to positive values. Switching the Voltage neutralizes charging on the dielectric surfaces and prevents arcing. Depending on the process parameters, the duty cycle provides a significant advantage in deposition rate over the use of RF power supplies. The deposition rates are comparable to the rates obtained for the DC sputtering of metals.
EXPERIMENT Sample preparation
The samples for the microstructural analysis were deposited on a NSG-Pilkington TEC10 glass substrate. Prior to the deposition, the substrate was cleaned in a 10% IPA in 18MΩ-cm DI water solution in an ultrasonic bath kept at 60°C for 60min. The cleaning stage was followed by a DI water rinse and drying. After the ultrasonic bath cleaning the sample surfaces were cleaned and activated by a vacuum plasma treatment (500W, Ar/N2 ambient for 5min). The substrates were then loaded into a sputtering chamber for CdS and CdTe thin film deposition. A "PV Solar" pulsed DC magnetron sputtering system was used for the deposition. The system uses four 150mm circular magnetrons which are mounted vertically around a cylindrical chamber. The substrates are mounted on a vertical carrier which rotates to provide coating uniformity. The system allows precise control of the position of the substrate carrier, to allow deposition of the film without rotation, if required. A pulsed DC power supply was used to form the plasma required for the sputtering process (Advanced Energy Inc. Pinnacle plus 5kW). The power supply was used in a constant power mode for the deposition. The pulsing frequency is adjustable in range up to 350 kHz, the duty cycle and target voltage can be adjusted using the reverse time setting. The depositions were carried out in an argon environment supplied through a mass flow controller rated at 100sccm. The substrate temperature can be increase up to 500°C during the deposition of the sample if the substrate is stationary and 250°C if it is rotating. Characterization
The film thickness was measured using a step height measurement with a stylus profilometer (Ambios XP2). The measurements were used to calculate the deposition rates. Samples for Transmission Electron Microscopy (TEM) were prepared by Focused Ion Beam (FIB) milling using a dual beam FEI Nova 600 Nanolab. A standard in situ lift out method was used to prepare cross-sectional samples through the coating into the glass substrate. A platinum over-layer was deposited to define the surface and homogenize the final thinning of the samples down to 100 nm. TEM analysis was carried out using a Tecnai F20 operating at 200 kV to investigate the detailed microstructures of the cell cross sections. The system was equipped with an Oxford instruments X-max N80 TLE SDD EDX detector and this was used in STEM mode to collect elemental distribution maps. These maps were collected in a single frame using a long dwell time and a small condenser aperture to minimize drift and beam spread during collection.
RESULTS AND DISCUSSION
A range of experiments were conducted from room temperature up to 400ºC to measure the effect of substrate temperature on deposition rate. Samples were then prepared to study the effect of temperature on microstructure before and after CdCl 2 activation. These samples were deposited without substrate heating and a second batch was deposited at a substrate temperature of 200ºC. The substrate carrier was rotated during both experiments. The depositions used Ar working gas at 7.5 µbar pressure. The samples were subsequently activated using CdCl 2 in a vacuum evacuated tube furnace at 408ºC for 8min.
Deposition rate
Step height measurements taken using a stylus profilometer were used to obtain the deposition rates of CdTe thin films as function of the substrate temperature. The measured deposition rates are plotted in Figure 1 . Increase of the substrate temperature resulted in a decrease of the deposition rate. Without substrate heating a deposition rate of 2.8nm/s was measured; the equivalent static deposition rate reduced to 2nm/s at 200ºC and 1.6nm/s at 400ºC substrate temperature. 
Microstructure
A direct comparison of the crystalline grain structure of the deposited thin films is presented in Figure 2 . The STEM cross section images are used to compare samples deposited without substrate heating and at a substrate temperature of 200ºC. Both thin films showed a columnar grain structure. The grains extended through the thickness of the sample. The sample deposited without substrate heating was characterized by a smaller grain diameter typically in the range 50nm to 70nm in diameter. The sample deposited at 200ºC showed a similar grain structure but with larger grain diameter. Grains with diameter up to 250nm were observed in the STEM image. The columnar grain structure and high grain boundary density provides fast diffusion channels for the CdCl 2 treatment directly to the CdS/CdTe junction. Planar defects, predominantly stacking faults, were observed in the images of both samples prior to activation. Stacking faults are detrimental to the performance of thin film CdTe solar cells [15] , [16] . These planar defects are always observed in as deposited thin film CdTe solar cells. They have been previously observed in thin films of CdTe using all other deposition methods. There is a direct correlation between the stacking fault density and the performance of the solar cell [15] , [17] . performance of the CdTe solar cell [16] , [17] . A dramatic change in the crystalline structure is observed, the long columnar grains extending through the sample are no longer present. The grains coalesce into larger grains with a more irregular shape. Also more distinct grains can be observed in the CdS thin film. Void formation after the CdCl 2 treatment can be observed within the CdTe layer and at the junction. The EDX analysis of the sample shows that that chlorine decorates the grain boundaries of the CdS and CdTe. This has been previously observed for a close space sublimated material [17] . 
